Despite the demonstrated functional importance of gut microbes, our understanding of how animals regulate their metabolism in response to nutritionally beneficial symbionts remains limited. Here, we elucidate the functional importance of the African cotton stainer's (Dysdercus fasciatus) association with two actinobacterial gut symbionts and subsequently examine the insect's transcriptional response following symbiont elimination. In line with bioassays demonstrating the symbionts' contribution towards host fitness through the supplementation of B vitamins, comparative transcriptomic analyses of genes involved in import and processing of B vitamins revealed an upregulation of gene expression in aposymbiotic (symbiont-free) compared with symbiotic individuals; an expression pattern that is indicative of B vitamin deficiency in animals. Normal expression levels of these genes, however, can be restored by either artificial supplementation of B vitamins into the insect's diet or reinfection with the actinobacterial symbionts. Furthermore, the functional characterization of the differentially expressed thiamine transporter 2 through heterologous expression in Xenopus laevis oocytes confirms its role in cellular uptake of vitamin B1. These findings demonstrate that despite an extracellular localization, beneficial gut microbes can be integral to the host's metabolic homeostasis, reminiscent of bacteriome-localized intracellular mutualists.
Introduction
Insects derive a range of nutritional benefits from their microbial partners. These can include the supply of essential nutrients, as well as aiding in the detoxification and digestion of ingested food [1] . As a result, many nutritional partnerships are considered to have played a significant role in the ecological diversification of insects by mediating the host's subsistence on novel, and often nutritionally deficient, food sources [2] .
Like other animals, insects lack the metabolic pathways for the synthesis of several vital nutritional compounds, including 10 essential amino acids, as well as most vitamins [2, 3] . Hence, insects can achieve complete nourishment only by acquiring the missing nutrients either from ingested food sources or through symbiotically mediated supplementation involving microbial partners [4] [5] [6] .
In bugs of the family Pyrrhocoridae (Hemiptera), recent characterization of the microbial community revealed a consistent and conserved microbiota, with the notable co-occurrence of two actinobacterial taxa belonging to the Coriobacteriaceae family (Coriobacterium glomerans and Gordonibacter sp.) [7, 8] . Similar to other heteropteran insects [9, 10] , firebugs rely on an extracellular post-hatch mechanism for the vertical transmission of their actinobacterial symbionts. This involves the deposition of symbiont-containing droplets by adult females over newly laid eggs, and the subsequent probing and uptake of the symbionts by the hatched nymphs [11] . In the European firebug (Pyrrhocoris apterus) and the African cotton stainer (Dysdercus fasciatus) (both Pyrrhocoridae), egg surface sterilization specifically results in Coriobacteriaceae-free individuals & 2014 The Author(s) Published by the Royal Society. All rights reserved.
(aposymbionts) [11] that, relative to their symbiotic counterparts, exhibit slower growth rates, higher mortality and lower reproductive success [8] , suggesting an essential function of the actinobacterial symbionts towards their insect hosts. Re-infection of previously sterilized eggs with the Coriobacteriaceae symbionts (via gut suspensions) completely rescues firebug survivorship and reproductive potential [8] .
Dysdercus species, like many pyrrhocorids, are specialized feeders that exhibit a strong preference for seeds of the plant order Malvales, particularly cottonseeds [12] . Given the rich protein content of many Malvales seeds, the putative nutritional provisions by the symbionts have been suggested to lie not in the supply of essential amino acids-as with aphids and other sap-feeding insects-but rather in the supplementation of B vitamins [7, 8] , which were described as limiting in many seed-based diets, including those of the Malvales plant order (e.g. cotton) [13] . Here, cottonseed hulls were found to be an especially poor source of B vitamins [13] .
In this study, we used an integrative approach to study both host and symbiont contributions towards vitamin production, transport and processing in cotton stainers, in order to gain comprehensive insights into the metabolic integration of extracellular gut symbionts in an insect host. To this aim, we first investigate the possible nutritional role of the Coriobacteriaceae symbionts towards D. fasciatus using a defined artificial diet that allows for omission of specific nutrients. Through bioassays that combine symbiont elimination with direct manipulations of the host's diet, we test the hypothesis that the actinobacterial symbionts provide D. fasciatus with B vitamins. These experiments are complemented by genomic analyses of C. glomerans' potential for vitamin production. Furthermore, we examine the effect of symbiont elimination on the midgut transcriptome of cotton stainers, specifically with respect to the expression of B vitamin transporters and downstream processing genes, with the expectation that these candidate genes would be differentially regulated in case of vitamin deficiency. Our findings provide a detailed description for symbiotic contributions of the Coriobacteriaceae towards pyrrhocorid bugs and shed light on a highly dependent and integrated nutritional partnership featuring extracellularly localized gut symbionts.
Results (a) Success of symbiont elimination procedure
In order to manipulate symbiont infection status, D. fasciatus eggs were surface-sterilized by ethanol and bleach treatment [8] . This procedure consistently resulted in aposymbiotic firebugs that were free of both Coriobacteriaceae symbionts, as confirmed by C. glomerans-and Gordonibacter-specific diagnostic PCRs. Conversely, symbiotic bugs tested positive for both bacterial species.
(b) Fitness of symbiotic and aposymbiotic Dysdercus fasciatus on complete and B vitamin-deficient artificial diets
To investigate the possibility of symbiont-mediated supplementation of B vitamins, we examined the survivorship of aposymbiotic and symbiotic bugs reared on complete and B vitamin-deficient artificial diets, respectively, resulting in four treatment groups. When reared on a complete artificial diet containing all B vitamins in sufficient quantities, firebug survivorship until adulthood was consistently high, irrespective of symbiont presence or absence (figure 1a). Equivalent survivorship rates were observed for symbiotic bugs reared on a B vitamin-deficient diet (figure 1a). However, aposymbiotic bugs reared on a vitamin-deficient diet suffered significantly higher mortality compared with all other treatments (Friedman test, p ¼ 0.012, with WilcoxonWilcox post hoc measures, p , 0.05) (figure 1a). While similar trends were also observed for the developmental rates across treatments, with vitamin omission from the artificial diet increasing the time needed to reach adulthood of aposymbiotic individuals, the differences were not significant (Friedman test, p ¼ 0.129) (figure 1b).
(c) Midgut transcriptome of Dysdercus fasciatus reared on the natural diet of cottonseeds
To examine the metabolic response to symbiont elimination under natural feeding conditions, we conducted a comparative figure S1 ). Among the 55 222 assembled contigs, 20 174 received a BLAST annotation (electronic supplementary material, figure S1), and 3362 contigs were assigned to functional categories according to gene ontology (electronic supplementary material, figure S1 ). However, we focus here on (i) gene candidates involved in the transport and processing of B vitamins and (ii) genes whose expression patterns are known to be indicative of a stress response due to nutrient limitation.
In total, 11 transcripts of proteins putatively involved in B vitamin metabolism and transport were detected in the D. fasciatus midgut transcriptome (figure 2; electronic supplementary material, table S1), including eight enzymes involved in the intracellular activation of these cofactors (figure 3a), i.e. thiamine pyrophosphokinase (TPK) for vitamin B1, riboflavin kinase (RFK) for vitamin B2, nicotinamide mononucleotide adenylyltransferase (NMNAT) for vitamin B3, pantothenate kinase (PANK) for vitamin B5, pyridoxal kinase (PK) for vitamin B6, biotin-protein lyase (BPL) for vitamin B7, dihydrofolate reductase (DHFR) for vitamin B9 and transcobalamine 2 (TCII) for vitamin B12. Assessing relative expression levels across individuals by quantitative PCR (qPCR) (normalized to the expression of the 60S ribosomal protein L13a) revealed that PANK and DHFR were differentially upregulated in the aposymbiotic treatment relative to symbiotic bugs (figure 3a). While similar trends were also observed for TPK, RFK, NMNAT, PK, BPL and TCII (figure 3a), the effects were not significant. B vitamin transport genes included the thiamine transporter 2 (THTR2) and a proton-coupled folate transporter (PCFT) for the epithelial transport of thiamine [14] and folate [15] , respectively. Additionally, an extracellular thiamine alkaline phosphatase (ALKP) gene was annotated and described to putatively catalyse the transphosphorylation of thiamin (B1) to thiamin monophosphate, thereby facilitating its epithelial transport [14] . Similar to the aforementioned B vitamin activation genes, all three genes were found by qPCR to be significantly upregulated in the aposymbiotic treatment as compared with symbiont-containing control individuals (figure 3b).
A stress response was additionally ascribed to the aposymbiotic condition, based on the upregulation of many stress-related genes in the transcriptome of aposymbiotic bugs-including the highly expressed heat shock protein Hsp70 and the glucose transporter 8 (GLUT8)-relative to the symbiotic treatment (electronic supplementary material, table S2). While Hsp70 has previously been found to be upregulated in firebugs under conditions of temperature stress [16] , in other animal groups, the elevated expression of Hsp70 has also been reported under conditions of nutrient limitation [17] . Given that symbiotic and aposymbiotic bugs were reared under the same constant temperatures, a climate-induced stress response can be ruled out. Additionally, a similar trend was also observed according to the host's transcriptome for GLUT8-which has also been described as a stress indicator under conditions of nutrient limitation [18] -however, the effects were not significant in a subsequent qPCR (figure 3c).
(d) Vitamin transport and processing gene expression for symbiotic and aposymbiotic Dysdercus fasciatus reared on complete and vitamin-deficient artificial diets qPCRs for the candidate host genes involved in B vitamin metabolism were conducted across the four experimental treatments of aposymbiotic and symbiotic bugs reared on a complete and vitamin-deficient artificial diet to examine whether the upregulation of vitamin-transport and -processing genes (figures 2 and 3a,b) substantiates under controlled conditions with vitamin availability as the only nutritional difference between dietary treatments. For most B vitamin-related genes annotated in this study, a consistent differential expression pattern was observed across the four experimental treatments, with aposymbiotic bugs reared on a vitamin-deficient diet exhibiting significantly higher relative expression levels of vitamin-transport and -processing genes than aposymbiotic bugs on a vitamin-deficient diet or symbiotic D. fasciatus reared on either complete or vitamin-deficient diets. This was the case for 10 out of the 11 predicted B vitamin-related genes (figure 4a,b), the heat shock protein (Hsp70), as well as the glucose transporter (GLUT8) (figure 4c). While the same trend was observed for the PCFT, the differences were not significant.
(e) Gene expression of other nutritional transporters for symbiotic and aposymbiotic Dysdercus fasciatus reared on complete and vitamin-deficient artificial diets qPCRs for candidate host genes involved in amino acid transport, as well as phosphate transport were conducted across the four experimental treatments of aposymbiotic and symbiotic bugs reared on a complete and vitamin-deficient artificial diet to examine whether other genes that are not involved in the B vitamin metabolism exhibit a similar differential expression pattern or, instead, remain constitutively expressed (electronic supplementary material, figure S2 ). For rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141838 both transporters, no differences in expression levels were observed across treatment groups.
(f ) Functional characterization of the thiamine transporter THTR2
Of the two B vitamin transporters detected in D. fasciatus' transcriptome (PCFT and THTR2), only THTR2's sequence could be completely assembled from the retrieved transcripts, and in turn, functionally analysed by heterologous expression in Xenopus laevis oocytes. The functional assessment of THTR2 through radiotracer experiments revealed that the transporter is in fact capable of transporting thiamine (B1). This was demonstrated through the significant uptake of labelled thiamine in frog oocytes injected with THTR2 cRNA relative to control oocytes injected with cRNA for the human glucose transporter 1 (hGLUT1) or water ( p , 0.001, ANOVA; figure 5a). Conversely, no discernible transport activity of labelled deoxyglucose could be reported for oocytes expressing THTR2 relative to hGLUT1-injected oocytes ( p , 0.001, ANOVA; figure 5b). The specific and elevated transport activity reported for thiamine or deoxyglucose in oocytes injected with THTR2 or hGLUT1 cRNA, respectively, demonstrates that the injection procedure itself was not responsible for the uptake of radiolabelled compounds.
(g) Coriobacterium glomerans' genomic potential for B vitamin supplementation
From the recently sequenced genome of C. glomerans [19] , we report on the presence of pathways for the biosynthesis of five B vitamins (figure 6). For thiamine (B1), the complete pathway was discovered that incorporates derivatives of purine, cysteine and thiazole to form thiamine phosphate. The gene coding for TPK-the enzyme responsible for catalysing the cleavage of the final phosphate group to form thiamine (B1)-is nonetheless missing from the genome. However, the host itself possesses the TPK gene (figures 3 and 4), thereby providing a metabolic complement to C. glomerans' synthesis pathway for thiamine phosphate. For riboflavin (B2), genes encoding its conversion to flavin adenine dinucleotide (FAD) were detected, and the pathway for nicotinamide (B3) rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141838 contained all the necessary genes for its conversion from nicotinate. For the complete biosynthesis of pantothenate (B5), a pathway was discovered to form the cofactor from aspartate and valine. Almost all necessary genes were accounted for, except for ketopantoate reductase which catalyses the reduction of dehydropantoate to pantoate. Lastly, the pathway leading to the biosynthesis of folic acid (B9) from purine and aminobenzoate was nearly complete, except for the gene FolQ. However, FolQ is absent from the genomes of many bacteria that are known to produce folic acid [20] , therefore it has been proposed that alternate (but in most cases currently unknown) genes can substitute for this gene. For Gordonibacter sp., the absence of a sequenced genome (or that of a closely related species) and its refractoriness to in vitro cultivation prevented us from making inferences regarding its genomic potential for B vitamin synthesis.
Discussion
Insects, depending on their feeding ecology, require vitamins of the B complex in varying amounts [21] , and early work by Fraenkel & Blewett [22] demonstrated that the variation in the vitamin requirements of similarly oligophagous insects can often be attributed to the presence (or absence) of vitamin-supplementing microbial symbionts.
In contrast to their performance on Malvales seeds [8] , aposymbiotic D. fasciatus that were exclusively fed on a complete artificial diet were found to exhibit near identical survivorship values relative to symbiotic individuals. Upon omission of B vitamins from the artificial diet, however, survivorship of aposymbiotic individuals decreased significantly compared with the symbiotic treatment on the same diet, as well as compared with symbiotic and aposymbiotic firebugs fed on a complete artificial diet (figure 1), thereby implicating the Coriobacteriaceae symbionts in supplementing these compounds to the host.
Haematophagous (blood-feeding) insects like the assassin bug Rhodnius prolixus, the tsetse fly Glossina morsitans and the bedbug Cimex lectularius have thus far presented us with excellent systems that illustrate the host's nutritional dependency on beneficial microbes for the supply of B vitamins that are consistently lacking in their vertebrate blood meals [4, 5, 23] . Symbiont-mediated B vitamin supplementation has also been demonstrated in non-haematophagous insects, such as the anobiid beetles Lasioderma serricorne and Stegobium paniceum, which specialize on a range of oilseeds, cereals and dried fruit [24] .
In an effort to understand the host's response to this nutritional partnership, we assessed how symbiont elimination affects gene expression in the midgut of D. fasciatus when the bugs are reared on their natural diet of cottonseeds, as well as on complete and vitamin-deficient artificial diets. We specifically considered the expression patterns of host genes involved in the B vitamin metabolism. We initially observed that symbiont elimination in cottonseed-fed firebugs generally induces the upregulation of genes involved in the transport and processing of B vitamins (figures 2 and 3a,b). This pattern of differential gene expression was even more evident in aposymbiotic firebugs reared on an artificial diet deficient in B vitamins ( figure 4a,b) . We propose that the variation in the degree of differential expression across both sets of experiments can be attributed to the presence of some (albeit limiting) amounts of B vitamins in cottonseeds compared with the vitamin-deficient artificial diet. The gene expression patterns reported for D. fasciatus in this study are consistent with previous findings in mammals and yeast, highlighting the negative regulatory control of genes involved in the transport and activation of B vitamins, including thiamine, riboflavin, nicotinamide, panthothenate, pyradoxin, biotin, folate and B12 [14,15,25 -29] . For example, the expression of thiamine-related uptake and processing genes is upregulated under conditions of thiamine deficiency [14] . Regulation in this system is mediated by transcriptional activators whose binding appears to be dependent on the vitamin's absence, as evidenced by the transcriptional repression of thiamine transporter genes following the supplementation of the vitamin to a previously deficient cell culture [14] . Similarly, the mouse homologue of the PCFT investigated in this study was also shown to undergo Figure 5 . THTR2 mediated uptake of (a) 50 pM Thiamin and (b) 100 mM 2-deoxy-D-glucose into Xenopus oocytes. Transport activity was determined by quantifying the radiolabelled substrate uptake in oocytes injected with THTR2-cRNA, water or hGLUT1-cRNA, respectively. Lines represent medians, boxes comprise the 25 -75 percentiles and whiskers denote the range. Significant differences at p , 0.01 are marked by double asterisks (**) (ANOVA). rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141838 similar patterns of regulation, where a 13-fold increase in expression was recorded in the small intestine of mice fed on a folate-deficient diet relative to mice reared on a complete diet [15] . This is also the case for intracellular processing and activation genes. For example, PANK, the enzyme catalysing the phosphorylation of pantothenate (B5) to form phosphopantothenate, is regulated through a two-step negative feedback inhibition, both by pantothenate, as well as the downstream product acetyl-CoA [30] . Thus, despite the extracellular localization of the Coriobacteriaceae in the gut, our findings are reminiscent of highly derived mutualisms (e.g. aphid -Buchnera) where the host differentially regulates nutrient transport to and from the bacteriome in response to the symbiont's synthesized end product [31] . Gene expression patterns also seem to suggest that symbiont elimination in firebugs induces a general stress response, as evidenced by the elevated expression of Hsp70 and GLUT8, as well as several other stress-related genes in cottonseed-fed aposymbiotic firebugs relative to their symbiotic counterparts (figure 4c; electronic supplementary material, table S1), possibly as a product of nutrient limitation. This hypothesis was confirmed by the differential upregulation of both genes in aposymbiotic firebugs reared on a vitamindeficient diet. The stress response could be rescued by artificial B vitamin supplementation or by the presence of the actinobacterial symbionts (figure 4c), demonstrating that vitamin omission is only stressful for firebugs in the absence of their Coriobacteriaceae symbionts. Additionally, constitutive expression of other transporter genes (e.g. phosphate and amino acid transporters; electronic supplementary material, figure S2 ) excluded the possibility that all genes are consistently upregulated in aposymbiotic insects reared on a vitamindeficient diet. Collectively, these findings demonstrate that under B vitamin-limiting conditions, symbiont elimination initiates a general nutritional stress response in cotton stainers that results in the upregulation of vitamin transport and activation genes, which may represent an adaptive metabolic regulatory mechanism to cope with vitamin deficiency as a result of symbiont absence.
The case for symbiont-mediated nutritional supplementation in firebugs is further supported by the maintenance of many genes involved in the metabolism of B vitamins as predicted by C. glomerans' recently sequenced genome [19] , including pathways for the synthesis of thiamine (B1), FAD (B2), nicotinamide (B3), pantothenate (B5) and folic acid (B9) (figure 6). While the exact mechanism for deriving B vitamins from the gut symbionts in firebugs is currently unknown, preliminary findings suggest that the active lysis of symbiont cells by the host through the expression of lysozyme plays an important role (Bauer et al.
[32]), not unlike how R. prolixus [23] , Drosophila melanogaster [33] or Riptortus pedestris [34] have been suggested to acquire important nutrients by harvesting their microbial gut associates.
In contrast to the aforementioned associations involving putative vitamin-supplementing symbionts that are housed intracellularly in specialized bacteriocytes, firebugs derive their vitamins from extracellular symbionts residing in their midgut lumen. In bacteriocyte-based mutualisms, the complementary partnerships are highly integrated from a metabolic standpoint [35] . Aphids-in their reliance on the essential amino acids provided by their primary endosymbiont Buchnera-differentially regulate gene expression to accommodate and facilitate the beneficial mutualism [36] . This includes the upregulation of host genes involved in the transport of essential amino acids in Buchnera-harbouring bacteriocytes compared with the rest of the aphid's body. Additionally, bacteriocytes also exhibit an upregulation of genes involved in the synthesis of non-essential amino acids [36, 37] , an expression pattern that is consistent with the hypothesis that Buchnera derives these compounds from the host, given the extensive loss affecting the bacterium's ability to produce non-essential amino acids [36, 37] . Additionally, by comparing the aphid's gene expression between bacteriocytes and other body tissues using RNA sequencing and coupling it with comparative pathway analysis of amino acid synthesis between host and symbiont, Hansen & Moran [37] demonstrate that among the host genes that were upregulated in bacteriocytes, seven were found to fill in the gaps of Buchnera's essential amino acid pathways. Thus, despite the extracellular symbiont localization in cotton stainers, the differential expression of genes involved in the transport and processing of symbiont-provided nutritional compounds is reminiscent of bacteriome-associated intracellular symbioses, indicating a high degree of intimacy in the PyrrhocoridaeCoriobacteriaceae association.
Our results offer novel insights into the metabolic integration between an animal host and its gut microbes. We demonstrate that despite an extracellular localization in D. fasciatus' midgut, the Coriobacteriaceae symbionts influence a range of metabolic pathways in firebugs including the differential expression of genes related to the transport and processing of B vitamins, thereby highlighting an important interface for the exchange of symbiont-provided nutritional supplements. Such findings enhance our understanding of the mechanisms involved in symbiont-mediated nutritional supplementation between animals and their extracellularly localized gut symbionts. The generation of aposymbiotic bugs involved the sterilization of egg surfaces following the procedure used by Salem et al. [8] . Briefly, the eggs were submerged in ethanol for 5 min, followed by bleach (12% NaOCl) for 45 s. Residual bleach was removed by washing in sterile autoclaved water. To investigate symbiontmediated supplementation of B vitamins, eight egg clutches (approx. 35 eggs each) from different females of D. fasciatus were harvested 3 days following oviposition and kept separately. We then split each of the collected egg clutches into four experimental treatments: (i) aposymbiotic bugs reared on a vitamin-deficient diet (aposymbiotic 2B vitamins), (ii) aposymbiotic bugs reared on a complete diet (aposymbiotic þB vitamins), (iii) symbiotic bugs reared on a vitamin-deficient diet (symbiotic 2B vitamins) and (iv) symbiotic bugs reared on a complete diet (symbiotic þB vitamins). The four treatments were provided with autoclaved water and the two variations of the artificial diet ad libitum. To examine the differential pattern of host gene expression in response to symbiont elimination on the natural diet of cottonseeds, five additional egg clutches of D. fasciatus were harvested, and each clutch was separated into two experimental treatments: (i) symbiotic and (ii) aposymbiotic bugs reared on cottonseeds.
Material and methods

(d) Fitness measurements
Individuals across all experimental treatments were observed on a daily basis for the assessment of fitness effects across the different groups. For the bugs reared on the different variations of the artificial diet, growth rate (days until moulting to the next stage) and survival until adulthood (%) were recorded.
(e) RNA extraction and reverse transcription Three days following adult emergence, a single individual was collected from every experimental treatment replicate, and through dissection, its midgut region (M1 -M4) was harvested. Once dissected, the midgut region was stabilized in RNAlater solution (Qiagen) and stored at 2208C. Total RNA isolations were performed using the RNeasy Micro Kit (Qiagen) following the manufacturer's guidelines. Integrity and quality of the RNA samples were determined using the RNA 6000 Nano LabChip kit (Agilent Technologies) on an Agilent 2100 Bioanalyzer (Agilent Technologies) according to the manufacturer's instructions. cDNA was then generated according to the manufacturer's guidelines (QuantiTect Reverse Transcription kit, Qiagen). To account for possible shortcomings during the RNA extraction procedure and to test for the success of the symbiont elimination procedure, diagnostic PCR screens targeting the host's 18S rRNA gene and the Coriobacteriaceae symbionts' 16S rRNA genes were conducted using the generated cDNA according to previously described procedures [8] .
(f ) Illumina-based transcriptome sequencing and quantitative PCRs RNA was extracted from dissected whole midgut regions (M1 -M4) of five symbiotic and aposymbiotic bugs, respectively, fed on their natural diet of cottonseeds, resulting in two pooled samples. Transcriptome sequencing of poly-A enriched mRNAs was done commercially (Fasteris; http://www.fasteris.com) on the HiSeq 2000 Sequencing System from Illumina (http:// www.illumina.com), using the paired read 100 bp technology. For details on assembly and annotation procedures, see the electronic supplementary material, Methods. qPCRs for candidate host genes involved in B vitamin metabolism, metabolic stress response, as well as non-B vitamin transporters were conducted across (i) aposymbiotic and symbiotic bugs reared on their natural diet of cottonseeds (to confirm the transcriptome sequencing results) and (ii) across the four experimental treatments of aposymbiotic and symbiotic bugs reared on a complete and vitamin-deficient artificial diet to examine whether such patterns substantiate under controlled conditions with vitamin availability as the only nutritional difference between dietary treatments. Primers were designed based on the candidate gene sequences available from the transcriptome, checked for specificity in vitro using capillary sequencing of amplified PCR products (electronic supplementary material, table S4) and used for qPCRs on a RotorGene-Q cycler (Qiagen, Hilden, Germany) (see the electronic supplementary material, Methods).
(g) Functional characterization of transporter activity using Xenopus laevis oocytes THTR2 and hGLUT1 (control) cRNA were generated by in vitro transcription using mMESSAGE mMACHINE kit (Ambion, Inc. Functional zero-trans-influx studies were carried out using radiolabelled thiamine hydrochloride and deoxyglucose as substrates in X. laevis oocytes. Three days after cRNA injection, groups of 5 -10 oocytes were transferred into tubes containing 200 ml Barth's saline and thiamine (4 mCi ml 21 thiamine-[ H]-glucose; Amersham Biosciences). After incubation at room temperature, cells were transferred to ice-cold Barth's saline, washed three times, solubilized with 100 ml 1% (w/v) SDS and measured individually (five replicates) as previously described by Strauss and co-workers [39] .
(h) B vitamin pathways in the genome of
Coriobacterium glomerans
To examine the metabolic potential of C. glomerans for B vitamin supplementation, we analysed the genomic pathways using the symbiont's recently sequenced genome (NC_015389) [17] . This was accomplished using the pathway analysis platform available in the Kyoto Encyclopaedia of Genes and Genomes [40] . Complete pathways with all necessary genes were recorded; however, a number of missing genes were additionally supplemented by manual curation. In this process, each missing gene was searched in closely related bacterial species for potential homologues. The homologues were then searched with blastn and blastx (using an e-value cut-off score of 10
25
) against a custom created database of all predicted genes in the genome of C. glomerans. The additional genes discovered by this method were then included in the respective pathways.
(i) Statistical analysis
Growth and survival rates until adulthood across the four experimental treatments of symbiotic and aposymbiotic groups fed on a complete and vitamin-deficient diet were compared using Friedman tests with Wilcoxon-Wilcox post hoc measures using BIAS v. 7.40 (Epsilon-Verlag; Hochheim-Darmstadt, Germany). To assess differential expression patterns of host genes from aposymbiotic and symbiotic bugs reared on cottonseeds, as well as on the two variations of the artificial diet, gene copy numbers estimated from qPCRs were first normalized against the 60S ribosomal protein L13a (electronic supplementary material, table S3), then rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141838 compared using the Mann -Whitney U-test and Kruskal -Wallis tests with Dunn post hoc tests, respectively, to asses levels of significance ( p , 0.05) across treatments. The absence of a significant differential expression pattern in a second housekeeping gene, elongation factor 1 alpha (EF1a), across treatments following normalization with 60S ribosomal protein L13a (electronic supplementary material, figure S2b) confirmed the suitability of L13a as a reference with stable expression.
To compare the differential uptake in labelled compounds in X. laevis oocytes, ANOVA was used, after confirming that the data were normally distributed ( p , 0.05, Kolmogorov -Smirnov test). Both tests were performed using the SPSS v. 17.0 software package (SPSS, Chicago, IL, USA).
